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Fragmentation pathways of peptide radical cations, M·, with well-defined initial location of
the radical site were explored using collision-induced dissociation (CID) experiments. Peptide
radical cations were produced by gas-phase fragmentation of CoIII(salen)–peptide complexes
[salen  N,N’-ethylenebis (salicylideneiminato)]. Subsequent hydrogen abstraction from the
-carbon of the side-chain followed by C–C bond cleavage results in the loss of a neutral
side chain and formation of an -radical cation with the radical site localized on the
-carbon of the backbone. Similar CID spectra dominated by radical-driven dissociation
products were obtained for a number of arginine-containing -radicals, suggesting that for
these systems radical migration precedes fragmentation. In contrast, proton-driven fragmentation
dominates CID spectra of -radicals produced via the loss of the arginine side chain. Radical-
driven fragmentation of large M· peptide radical cations is dominated by side-chain losses,
formation of even-electron a-ions and odd-electron x-ions resulting from C–C bond cleavages,
formation of odd-electron z-ions, and loss of the N-terminal residue. In contrast, charge-driven
fragmentation produces even-electron y-ions and odd-electron b-ions. (J Am Soc Mass Spectrom
2010, 21, 511–521) © 2010 American Society for Mass SpectrometryGas-phase chemistry of odd-electron peptide ionsis a growing area of research relevant to avariety of applications in biological mass spec-
trometry [1–8]. Radical chemistry plays an important
role in gas-phase fragmentation of hydrogen-rich [M 
nH](n–1)· ions produced by capture of low-energy
electrons by multiply protonated molecules or by
electron-transfer processes [1–5, 9], hydrogen deficient
radical anions [M  nH](n–1)–· generated by electron
detachment and photodetachment from multiply
deprotonated molecules [10, 11], peptides cationized on
lithium [12], or transition metals [13–16], and M·
peptide radical cations. [In this study, we used standard
notation for molecular radical cations, M·, which im-
plies that the molecule has a charge and one unpaired
electron, and specified the initial location of the radical
site, when possible]. M· ions can be produced via
gas-phase fragmentation of specially designed precur-
sors. For example, radical cations of peptides without
additional H atoms are produced by collision-induced
dissociation (CID) of ternary metal–ligand–peptide
complexes [17–25]. In addition, M· peptide ions have
been generated through free radical-initiated reactions
[26, 27], CID of nitrosopeptides [28], and peptides
containing labile serine and homoserine nitrate esters
[29], photolysis of peptides containing iodinated ty-
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doi:10.1016/j.jasms.2009.12.021rosine residues [30, 31], and photodissociation of pro-
tonated peptides [32, 33].
Fragmentation of small peptide radical cations has
been recently reviewed [7, 34]. It is usually initiated by
hydrogen abstraction or proton transfer from the initial
radical site generated in the ion formation step [35, 36].
Reaction barriers for H atom transfer in several small
model radicals have been reported by Moran et al. [37].
They demonstrated that in the absence of side chains 1,4
[C↔C] hydrogen transfer along the peptide backbone is
associated with substantial barriers of ca. 100 kJ/mol,
while 1,5 and 1,6 [C↔N] hydrogen shifts from N-
centered radicals to C-centered radicals are exothermic
and associated with much lower barriers of ca. 40–60
kJ/mol. These results suggest that C-centered -
radicals play a major role in gas-phase chemistry of M·
peptide ions. In addition, -radical cations are impor-
tant intermediates in secondary fragmentation of [M 
nH](n–1)· ions produced by electron capture or electron-
transfer. O’Connor and coworkers demonstrated that
the initial electron capture produces -carbon peptide
radicals. The radical site is subsequently transferred to
other locations on the backbone, resulting in side-chain
losses and multiple backbone cleavages [38].
Radical mobility in peptide ions with well-defined
initial radical site has been recently studied by several
groups. Wee et al. compared dissociation of sodiated
-radicals produced through gas-phase fragmentation
of nitrate esters of N-benzoyl--methylserylglycine [29].
They found that fragmentation of such radical precur-
sors is independent of the initial radical location and
Published online January 11, 2010
r Inc. Received December 1, 2009
Revised December 20, 2009
Accepted December 23, 2009
512 LASKIN ET AL. J Am Soc Mass Spectrom 2010, 21, 511–521suggested that hydrogen migration precedes fragmen-
tation in these small model systems. Wesdemiotis and
coworkers showed that isomeric -radical cations of
diglycine formed by CID of lithiated dipeptides are
separated by a high-energy isomerization barrier [39].
Fragmentation of -radical cations of GGG was exam-
ined by Chu et al. using CID and DFT calculations of
the structures and energetics of different radical species
and the corresponding isomerization barriers [40]. They
demonstrated that the radical sites in G·GG, GG·G,
and GGG· -radical cations are rather immobile with
isomerization barriers exceeding 44.7 kcal/mol (187
kJ/mol). As a result, CID spectra of the three triglycine
-radicals are distinctly different. Julian and coworkers
observed differences in fragmentation behavior of sev-
eral more complex -radical peptides [41], while Zhang
and Reilly reported similar fragmentation behavior for
a number of [an  H]
· ions, in which the radical is
initially positioned at the C-terminal -carbon [42].
Recently, we examined the energetics and dynamics of
dissociation of an -radical produced by the loss of
p-quinomethide from DRVYIHPF· [43]. We found that
backbone fragmentation of this radical cation is domi-
nated by cleavages at positions remote from the initial
radical site suggesting that the radical site in this
peptide is relatively mobile.
Dissociation of peptide radical cations is strongly
influenced by the competition between charge-driven
and radical-driven bond cleavages [7, 34–36]. Because
of the favorable energetics and dynamics of proton
transfer along the peptide backbone, charge-driven
fragmentation plays an important role in dissociation of
di- and tripeptides lacking basic residues [35, 36, 40].
In contrast, because proton-driven fragmentation of
arginine-containing peptides is associated with the sub-
stantial kinetic shift [44], larger peptides containing the
basic arginine residue predominantly undergo radical-
driven fragmentation [45]. Charge-driven fragmenta-
tion of peptide radicals results in formation of odd-
electron [bn  H]
· and even-electron yn ions while
radical-driven processes favor side-chain losses and
C–C bond cleavages. As a result, fragmentation of
relatively large peptide radicals with arginine at the
N-terminus is often dominated by the formation of an
ions [41]. In addition, c-ions are formed at serine and
threonine residues [41, 42] and c/z· ions are formed at
tryptophan and tyrosine [46]. While the formation of an
ions has received significant attention in the literature,
other dissociation pathways of peptide radical cations
have been generally described only for di- and tripep-
tides [34–36, 40, 46]. In this study we present a more
detailed description of the fragmentation behavior of
large peptide radical cations. We examine the effect of
the initial location of the radical site and the presence
and position of the basic residue on the observed
dissociation pattern. Loss of neutral side chains is used
to generate odd-electron peptide ions with well-defined
initial location of the radical site in different positions
along the peptide backbone.Experimental
Chemicals
All chemicals and reagents were commercially available
(Sigma-Aldrich, St. Louis, MO, USA). Angiotensin III
(RVYIHPF) was purchased from Sigma-Aldrich, while
all other peptides were purchased from the American
Peptide Company (Sunnyvale, CA, USA). Cobalt(III)–
salen complex [salen  N,N=-ethylenebis (salicylidene-
iminato)] was synthesized following the procedure
described elsewhere [47]. Several peptides were syn-
thesized according to literature procedures. Fmoc-
protected amino acids and the Wang resin were
purchased from Advanced ChemTech (Louisville,
KY, USA). Samples typically comprised 60 M metal
complex and 5 M peptide in a 50:50 (vol:vol) water/
methanol solution.
Mass Spectrometry
Fragmentation of peptide radical cations was exami-
ned using an ion trap mass spectrometer (LCQ;
ThermoFinnigan, San Jose, CA, USA) and an LTQ (linear
ion trap)/Orbitrap Hybrid Mass Spectrometer (Thermo
Electron Corporation, Bremen, Germany) equipped
with an electrospray ionization (ESI) source. In LCQ
experiments, samples were continuously infused at a
rate of 5 L/min into the pneumatically assisted elec-
trospray probe using air as the nebulizer gas. In LTQ/
Orbitrap experiments samples were injected through a
pulled fused silica capillary tip (50 m ID) at a flow rate
of 0.3–0.5 L/min using a spray voltage of 4 kV.
Peptide radical cations, M·, were generated by in-
source CID of the corresponding positively charged
[CoIII(salen)–M] complexes.
LTQ/Orbitrap MSn experiments were performed us-
ing multiple stages of mass isolation and CID in the
LTQ followed by high-resolution mass analysis of the
resulting fragment ions in the Orbitrap. Isolation win-
dows of 3–5 Da for the [CoIII– salen)M] complex and
1–2 Da for radical cations were used consistently in all
experiments; these conditions allowed us to maximize
the MSn signal and eliminate interferences from adja-
cent peaks. Unit mass resolution was utilized for all
LCQ experiments. The isolation width had no signifi-
cant influence of the relative abundance of peaks in MSn
spectra as long as interferences were eliminated (e.g.,
[M  H] peak adjacent to the M· peak). Furthermore,
we note that similar MSn spectra were obtained for
systems studied using both the LCQ and LTQ/Orbitrap
instruments suggesting that isolation conditions had no
significant effect on the results presented in this paper.
The collision energy was adjusted to obtain efficient
fragmentation of the precursor ion. The system was
operated with a resolving power of 60,000 (m/m at
400 Da). Fragment ions were unambiguously identified
based on the accurate mass measurement.
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Side-Chain Losses and Formation of -Radicals
Loss of stable molecules or radical species from
peptide side chains is one of the major dissociation
pathways of odd-electron peptide ions in the gas
phase. Common side-chain losses observed for a
series of peptide radical cations examined in this
work and previous studies [7, 15, 35, 41, 42, 45, 48] are
listed in Table 1. Mechanisms of side-chain losses
shown in Scheme 1 have been discussed in the
literature [19, 35, 41]. Hydrogen abstraction from the
-carbon of the side chain (reaction 1) followed by
C–C bond cleavage results in the loss of the entire
side-chain as a stable neutral molecule and formation
of peptide -radical cation. Loss of the neutral side
chain can be used for generating peptide radical
cations with well-defined initial radical location; loss
of CO2 from the C-terminal carboxyl group produces
an -radical on the C-terminal amino acid residue.
Alternatively, C–C bond cleavage followed by the
loss of a small radical species from the side chain is
observed (reaction 2). This dissociation pathway re-
sults in formation of an even-electron fragment ions
that is typically much more stable towards fragmen-
tation than the corresponding odd-electron ion [49].
Several recent studies by this and other groups have
examined the energetics, dynamics, and mechanisms of
fragmentation of peptide -radicals [40, 43]. This work
provides the first detailed account of the fragmentation
behavior of peptide -radical cations produced by the
loss of neutral side chains from M· ions of model
peptides containing at least one basic residue (H, K, or
R) and a tyrosine (Y) or tryptophan (W) residue. Pep-
tide radical cations were produced through gas-phase
fragmentation of ternary [CoIII(salen)–peptide] com-
plexes generated in the ESI source (Scheme 2, reactions
1 and 2). (We note parenthetically that while the prop-
Table 1. Observed neutral losses from peptide radical cations
Amino acid residue Radical loss
Ala (A) CH3
●
Ser (S) OH●
Ile (I) C2H5
●
Leu (L) C3H7
●
Asp (D) COOH●
Met (M) CH3S
●
C2H5S
●
Gln (Q) NH2COCH2
●
Lys (K) C3H8N
●
Glu (E) CH3COO
●
His (H) C4H5N2
●
Arg (R) C2H6N3
●
C3H8N3
●
Tyr (Y)
Trp (W)
N-terminus amidated C-terminus NH2
●
C-terminus COOH●Othererties of the metal and the organic ligand can be tuned
to generate radical cations of aliphatic peptides [21], the
presence of Y, W, and basic residues in peptide se-
quence facilitate the formation of M· ions [17–23].) In
this study, peptide -radicals were produced either
directly by collision-induced dissociation (CID) of the
[CoIII(salen)–peptide] ion or by sequential fragmenta-
tion of isolated M· ions. CID spectra of -radical
cations were rather independent of the details of their
formation suggesting that in most cases radical cations
produced directly from the complex and through sub-
sequent fragmentation of the M· ion have similar
structures.
Fragmentation Spectra of Peptide
-Radical Cations
In this study, we examined fragmentation behavior of a
number of peptides containing basic arginine, lysine
and histidine residues located at or close to C- and
N-termini of the peptide. We present several examples
of the characteristic fragmentation behavior observed
for a variety of peptide sequences. Specifically, we
selected peptide sequences that generated a number of
different -radicals including the -radical cation pro-
duced by the loss of the basic side-chain. Because loss of
the entire lysine side chain was only observed when
arginine was present in the sequence and the histidine
side chain is eliminated as the C4H5N2
· radical species
resulting in formation of stable even-electron fragment
ion, the examples shown in this study are limited to
arginine-containing peptides. Figures 1, 2, 4, 5, and
Supplementary Figure S1, (which can be found in the
electronic version of this article), show representative
MS/MS spectra obtained for -radical cations of arginine-
containing peptides.
MW Neutral molecule loss MW
15.02347
17.00274 CH2O 30.01056
29.03912 C4H8 56.0626
43.05477 C4H8 56.0626
44.99765 CO2 43.98983
46.99555 C3H6S 74.01902
61.0112
58.02929 NH2COC2H4 71.03711
58.06567 C4H9N 71.0735
59.0133 C2H4COO 72.02113
81.04527
72.05617 C3H9N3 87.07964
86.07182 C4H9N3 99.07964
C7H6O 106.0418
C9H7N 129.0578
16.01872
44.99765 CO2 43.98983NH3, H2O
heme
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Figure 1 presents MS4 spectra obtained for several
-radical cations of angiotensin III (RVYIHPF). Specifi-
cally, panel a shows the spectrum obtained for the
C-terminal -radical produced by the loss of CO2 from
the carboxyl group, [M  CO2]
·, panel b shows disso-
ciation behavior of the -radical located on the fourth
residue, [M  56]·, and panel c shows the spectrum
obtained for the -radical located on the third residue
generated via the loss of p-quinomethide from tyrosine,
[M  106]·. Remarkably, similar MS4 spectra domi-
nated by side-chain losses and a-ion formation were
obtained for [M  CO2]
·, [M  106]·, and [M  56]·
ions, suggesting that fragmentation behavior of peptide
radical cations is rather insensitive to small variations in
the sequence. Furthermore, fragmentation spectra ob-
tained for these -radicals closely resemble the CID
spectrum of the M· ion of angiotensin III [45]. Similar
results were obtained for all arginine-containing -
radical cations examined in this study. While the overall
fragmentation behavior depends on the peptide se-
quence, slight changes in the sequence originating from
the loss of the non-basic side chain have little effect on
the observed fragments.
Similar fragmentation patterns observed for -radical
cations containing arginine (Figures 1, 2, 5, Supple-
mentary Figure S1) indicate that efficient interconver-
sion between different isomers via hydrogen atom
transfer precede radical-induced fragmentation of these
species. These results are consistent with our previous
work showing that fragmentation of the DRVG·IHPF
-radical cation is dominated by bond cleavages that
are remote from the initial position of the radical site
Sc
(1) 
(2) 
[CoIII(salen)peptide]+
M+• +
αM+• +
CoII(salen)
side chain + CoII(salen)
k1
k3
k2Scheme 2[43] and with the results reported by Julian and cowork-
ers [41] and Reilly and coworkers [42].
Dissociation of peptide radical cations with the N-
terminal arginine residue is commonly dominated by
C–C bond cleavages resulting in formation of even-
electron a-ions. Several groups examined mechanisms
of a-ion formation from such precursors. The proposed
mechanism shown in Scheme 3 involves hydrogen
abstraction from the -carbon of the corresponding side
chain followed by dissociation of the backbone [26, 36,
1
Figure 1. LTQ/Orbitrap MS4 spectra of -radical cations of
angiotensin III (RVYIHPF) produced by the loss of (a) C-terminal
CO2, (b) C4H8 (56) of isoleucine, and (c) C7H6O (106) of tyrosine
from the M· precursor ion. Fragment ions shifted by the mass of
the corresponding side chain are marked with apostrophes. The
predicted locations of the missing a= ion in panel b) and a= ion in4 3
panel (c) are marked with arrows.
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ion is a distonic ion in which the basic arginine residue
is protonated while the radical site is located elsewhere
on the peptide. Abstraction of the -hydrogen of the
side chain is followed by C–C bond cleavage. Recently,
deuterium labeling experiments conducted by Julian
and coworkers unambiguously demonstrated that ab-
straction of the -hydrogen precedes backbone frag-
mentation resulting in a-ion formation [41]. Further-
more, they showed that C–C bond cleavage in peptide
radical cations does not occur on glycine and the
cleavage propensity increases for side chains with
lower C–H bond dissociation energy (e.g., Trp, Thr,
His, Phe, and Tyr). Based on the above discussion, it is
reasonable to assume that efficient interconversion be-
tween different -radicals observed in this study is
facilitated by the presence of side chains containing
-hydrogen atoms. In contrast, high isomerization bar-
riers reported by Chu et al. for GGG -radical cations
[40] reflect the intrinsic behavior of the peptide back-
bone in the absence of complex side chains.
Formation of [xn  H]
· and zn
· Ions
The mechanism of the C–C bond cleavage shown in
Scheme 3 suggests that a-ion formation is favorable in
the presence of a basic residue at the N-terminus, while
[xn  H]
·-ions should be predominantly formed when
the charge is localized on the C-terminus. While odd-
Figure 2. Ion trap CID spectra of the (a) G·VYIHPR and (b)
GVG·IHPR.Schemeelectron [xn  H]
· ions are rarely observed in MS/MS
spectra, they have been identified as possible precur-
sors of vn fragments in high-energy CID of protonated
peptides [50]. More recently, the formation of these ions
via the homolytic C–C bond cleavage followed by fast
fragmentation was used to rationalize 157 nm photo-
dissociation of [M  H] peptide ions [32] and the
formation of odd-electron z-ions in MS/MS spectra of
peptide radical cations produced in photodissociation
experiments. Sun et al. suggested that these radical
species are very unstable and immediately fragment
into zn
·-ions (reaction 3) [41], while Reilly and cowork-
ers suggested that [xn  H]
· ions lose hydrogen to
form even-electron x-ions (reaction 4) [32]. Odd-
electron x-ions have been previously observed in MS/MS
spectra of peptide radical cations produced via gas-
phase redox chemistry [45, 51, 52] However, their
formation has not been discussed in any detail.
[xnH]
· ¡ zn
·NHCO (3)
[xnH]
· ¡ xn
H· (4)
MS/MS spectra of GVG·IHPR and G·VYIHPR shown
in Figure 2 contain a number of [xn  H]
· (n  2, 3, 5)
fragment ions (see Supporting Information for detailed
peak assignment). Table 2 summarizes the observed in-
tensities of a-, z-, and x-type ions for a number of -radical
cations with arginine at the C-terminus. Formation of
[xn  H]
· ions is clearly observed for all precursor ions
with the C-terminal arginine examined in this study.
In addition, z-ions are abundant in spectra of peptide
radicals with the C-terminal arginine residue. Odd-
electron z-ions could be formed from unstable [xn 
H]· precursors (reaction 3) [41]. Preliminary results
from this group show that some [xn  H]
· ions
dissociate almost exclusively through reaction 3 while
other predominantly form smaller odd-electron x-ions
upon collisional activation. Figure 3 shows an MS4
spectrum of the [x5  H]
· ion of GVG·IHPR. Similar
spectra were obtained for this fragment ion generated
from a number of precursors. The dominant z3
· frag-
ment is most likely produced by sequential fragmenta-
tion of the [x5  H]
· ion. In addition, loss of two and
three N-terminal residues from [x5  H]
· results in
formation of smaller [x3  H]
· and [x2  H]
· odd-
electron x-ions. However, loss of NH C O resulting
in formation of the z5
· ion (reaction 3) is only a minor
channel in the MS4 spectrum of the [x5  H]
· ion.
Likely, dissociation of the transient [x5  H]
· ion3
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radical migration to a more favorable site. As a result,
the [x5  H]
· ion used in our MS4 experiments may
have a different structure that does not readily form the
z5
· fragment upon collisional activation. Although the
abundant z5
· fragment observed in MS3 spectra of
peptides with the C-terminal arginine residue (Figure 2
and Table 2) may be produced predominantly from the
transient [x5  H]
· precursor, a different mechanism
discussed below could be responsible for the observed
N–C bond cleavage.
It should be noted that the enhanced formation of
z-ions at tyrosine and valine was observed for several
peptide ions regardless of the presence and position of
the basic amino acid residue. For example, spectra of
-radicals lacking the arginine residue shown in Figure
4 contain fairly abundant z4
· and z5
· fragments, while
minor z4
·, z5
·, and z6
· fragments were observed for
RVYIHPF radicals (Figure 1). The z5
· ion is a major
fragment in MS/MS spectra of GVG·IHPR and
WVG·IHPR (Table 2), while GVYG·HPR preferen-
Table 2. Abundance of a-, x-, and z-type ions observed for
several -radical cations normalized to the most abundant peak
in the spectrum
a-Ions x-Ions z-Ions
GVYG●HPR a5 – H (28%)
a5 (20%)
x2  H (95%) —
— x3 (10%) z3 (8%)
— x4  H (15%) z4 (98%)
— x5  H (30%) z5 (50%)
— x6 (4%) z6 (20%)
GVG●IHPR a5 (20%) x2  H (55%) —
— — z3 (75%)
— x4 (9%) z4  H (15%)
— x5  H (15%) z5 (100%)
— z6 (6%)
WVG●IHPR — x2  H (25%) —
— x3  H (15%) z3 (48%)
— x4 (5%) z4  H (12%)
— x5  H (5%) z5 (100%)
— x6  H (6%) z6 (20%)
Figure 3. Ion trap MS4 spectrum of the [x  H]· fragment of5
GVG·IHPR.tially forms the z4
· fragment ion. While in the presence
of the C-terminal arginine residue z-ions are likely
formed through consecutive fragmentation of odd-
electron x-ions, a different mechanism is required to
rationalize the formation of z-ions for peptides with the
N-terminal arginine. Siu and coworkers presented a
detailed discussion of the formation of z-ions from di-
and tripeptides containing tyrosine and tryptophan
residues [46]. They demonstrated that the reaction
mechanism involves proton transfer from the -carbon
of tryptophan or tyrosine to the carbonyl oxygen of the
amide group, followed by cleavage of the N–C bond. A
similar mechanism is most likely responsible for direct
formation of z-ions from larger M· ions.
Suppression of the C–C Bond Cleavage at the
Radical Site
One notable difference between spectra of -radicals
shown in Figures 1, 2, 4, and 5 originates from suppres-
sion of a-ion and [x  H]-ion formation at the -radical
site. For example, the a3 ion is not formed from the
[M  106]· ion of RVYIHPF (the location of this
fragment in Figure 1c is marked with an arrow), in
which the radical is initially located at the third residue.
Similarly, the a4 ion is strongly suppressed in the
spectrum of the RVYG·HPF ion (Figure 1b), in which
the radical is located on the -carbon of the fourth
residue and the a8
 ion in the spectrum of the
RPKPQQFG·GLM-NH2
 precursor (Figure 5e).
Similarly, formation of [xn  H]
· fragments is
strongly suppressed at the radical site. Instead, even-
electron x-ions are formed nominally corresponding to
the C–C bond cleavage at the radical site. Efficient
suppression of backbone fragmentation at the radical
Figure 4. Ion trap CID spectra of the (a) -radical cation
G·VYIHPF produced by the loss of C4H9N3 (99) of arginine from
RVYIHPF; (b) the corresponding radical cation produced through
reaction 1.site observed for a variety of peptide -radicals is
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discussed earlier (Scheme 3) [41].
Formation of xn
 Ions
Formation of even-electron x-ions and odd-electron
a-ions from peptide radical cations has not been previ-
ously discussed. Table 2 lists a number of these frag-
ments observed in CID spectra of peptide radicals with
arginine at the C-terminus. Even-electron x-ions and
odd-electron a-ions are commonly observed in EDD
spectra of hydrogen-deficient peptide radical anions.
Zubarev and coworkers suggested that these fragments
are produced from nitrogen-centered radical species as
shown in Scheme 4 [10]. Ab initio calculations reported
Figure 5. LTQ/Orbitrap MS3 spectrum of (a) the M· ion of
Tyr8-Substance P (RPKPQQFYGLM-NH2) and MS
4 spectra of
-radical cations produced by the loss of (b) C4H8 (56) of isoleu-
cine, (c) C4H9N (71) of lysine, (d) C3H6S (74) of methionine, (e)
C7H6O (106) of tyrosine, and (f) C4H9N3 (99) of arginine. Fragment
ions shifted by the mass of the corresponding side-chain are
marked with apostrophes. The predicted location of the missing a8=
ion in panel (e) is marked with an arrow.Schemeby Simons and coworkers demonstrated that the forma-
tion of a·/x-ions from N-centered radicals is both ener-
getically and kinetically favorable over side-chain
cleavages and the formation of a/x·-ions [53]. Our
results demonstrate for the first time that the same
radical-induced dissociation pathways are responsible
for formation of a number of fragment ions in MS/MS
spectra of peptide radical cations.
Even-electron x-ions can be formed either directly
from the M· precursor ion or from larger [xn  H]
·
ions through reaction 5.
[xnH]
·¡ xn1
 CH2NHCO
· (5)
However, the x4
 ion at m/z 548.3 (not labeled in the
spectrum) is observed as a minor fragment in the MS4
spectrum of the [x5  H]
· ion of GVG·IHPR  (Figure
3), suggesting that the even-electron x-ion is predomi-
nantly produced directly from the M· precursor ion,
while sequential fragmentation of larger odd-electron
x-ions (reaction 5) has only a minor contribution to the
formation of this product.
Role of the Basic Residue
As discussed earlier, -radical cations containing argi-
nine residue produce almost identical MS/MS spectra.
However, strikingly different fragmentation patterns
were obtained for -radicals formed by the loss of the
arginine side chain, [M  99]·. For example, both
side-chain losses and the formation of a-ions are com-
pletely suppressed in the spectrum of G·VYIHPF (Fig-
ure 4a) corresponding to the [M  99]· -radical of
RVYIHPF. In contrast, the spectrum of G·VYIHPF is
dominated by several abundant backbone fragments,
including even-electron y-ions and an odd-electron
[b5  H]
· ion. In addition, several minor product ions,
including losses of 29 and 56 from isoleucine, [b4 
H]·, [a5H]
·, z4
·, z5
·, and internal YIH fragment (not
labeled in the figure) are observed.
Similar results were obtained for -radicals of Tyr8-
Substance P (Figure 5). Specifically, there is a signific-
ant difference between dissociation pathways of the
G·PKPQQFYGLM-NH2 -radical produced by the loss
of the arginine side chain and other -radical cations of
Tyr8-Substance P. While most of the characteristic frag-
ments of radical-induced dissociation are retained in
the CID spectrum of the [M  99]· ion, it also contains
a number of additional features, including y9
, loss of
NH3, abundant yn* ions (i.e., yn  NH3), and internal4
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the [M  99]· ion are also present in the CID spectrum
of the protonated Tyr8-Substance P (Figure 6a), suggest-
ing that charge-driven fragmentation is responsible for
the formation of these fragment ions.
Our recent study demonstrated that two distinct
families of structures of the radical cation of RVYIHPF
are formed during gas-phase fragmentation of CoIII(salen)–
peptide complex [49] corresponding to the canonical
form and the zwitterionic form of the radical cation, in
which the tyrosine side chain is deprotonated and the
basic arginine side chain is protonated. Efficient depro-
tonation of the tyrosine residue upon oxidation is
attributed to a dramatic increase in the acidity of the
phenolic hydrogen. The pKa-value for tyrosine changes
from 10 for the neutral molecule to pKa  2 for the
radical [54]. Facile formation of a-ions is typically
observed for peptide radicals containing a basic amino
acid residue close to the N-terminus [41, 42, 45]. In
addition, C–C bond cleavages have been reported for
peptide radicals of arginine-containing peptides pro-
duced via homolytic bond cleavages of radical initiator
groups attached to the N-terminus [27] or side chains of
the protonated peptide [30] induced by collisions or
photon absorption. Radical cations produced using
these approaches are most likely protonated at the basic
arginine residue. Our previous studies demonstrated
Figure 6. (a) LTQ/Orbitrap MS/MS spectrum of the singly
protonated Tyr8-Substance P (RPKPQQFYGLM-NH2). Horizon-
tal arrows indicate losses of NH3 from different backbone
fragments; (b) ion trap MS/MS spectrum of the singly proton-
ated GPKPQQFYGLM-NH2.that proton-driven fragmentation of protonated angio-
tensin III analogs is associated with higher energy
barrier and is kinetically slower than radical-driven
fragmentation of the corresponding radical cations [49,
55]. Because in arginine-containing peptide radical cat-
ions the proton is sequestered at the basic residue,
radical-induced dissociation pathways are energetically
more favorable processes resulting in distinctly differ-
ent fragmentation behavior of radical cations as com-
pared to protonated peptides [49]. Loss of the arginine
side-chain (C4H9N3) resulting in formation of the [M 
99]· -radical cation eliminates the basic site that can
sequester the proton. Formation of abundant y-ions and
[b5  H]
· fragment from the [M  99]· precursor
indicates that the available proton is mobile and directs
fragmentation of the [G·VYIHPF] radical cation. Our
results indicate that while dissociation of arginine-
containing -radical cations of angiotensin III is domi-
nated by radical-induced cleavages, alternative low-
energy pathways involving mobile proton become
available following the loss of the basic side chain.
Figure 4 compares fragmentation behavior of the
[G·VYIHPF] -radical and the [GVYIHPF]· radical
cation produced through reaction 1 is Scheme 2. In this
ion the radical is most likely originally localized on the
tyrosine side chain [25]. In addition to proton-driven
backbone cleavages observed for the [G·VYIHPF]
-radical fragmentation spectrum of [GVYIHPF]· also
contains an abundant [M  106]· product ion charac-
teristic of the radical-driven fragmentation. Recently we
demonstrated that facile loss of the tyrosine side chain
occurs from distonic structures, in which radical site is
delocalized over the phenol ring of the tyrosine side
chain [49]. Such structures are formed through fast
transfer of phenolic proton to a more basic site follow-
ing ionization. DFT calculations showed that the barrier
for the 106 loss is only 19 kcal/mol for the deprotonated
tyrosine side chain and is close to 58 kcal/mol for the
neutral side chain [49]. Abundant loss of 106 from
[GVYIHPF]· suggests that a significant number of
conformers of this ion contain deprotonated tyrosyl
radical. In contrast, loss of 106 is not observed for the
isomeric [G·VYIHPF] -radical, indicating that this ion
contains the neutral tyrosine side chain for which this
dissociation pathway is energetically more demanding.
Our results demonstrate that while radical-driven frag-
mentation is commonly suppressed as a result of the
loss of the arginine side chain, energetically and kinet-
ically favorable radical-driven fragmentation pathways
can still effectively compete with the charge-driven
dissociation.
Formation of yn–1
 Ions
Formation of y-ions resulting from cleavage of the first
amide bond, yn–1
 , is commonly observed in CID spectra
of peptide radical cations. For example, abundant y8

ion is observed for the FRWGKPVGY precursor (Figure
S1), y6
 fragment is present in spectra shown in Figure 2,
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Substance P (RPKPQQFYGLM-NH2) contain an abun-
dant y10
 fragment (Figure 5). Formation of this fragment
from Tyr8-Substance P could be attributed to selective
cleavage N-terminal to the proline residue. Enhanced
cleavage N-terminal to proline with preferential forma-
tion of y-ions—the so called “proline effect”—is com-
monly observed in MS/MS spectra of protonated pep-
tides and proteins [56–59]. However, the y10
 product
ion is not observed in the spectrum of the protonated
GPKPQQFYGLM-NH2 shown in Figure 6b, indicating
that the formation of this fragment from the radical
cation is not facilitated by the “mobile proton.”
In contrast, cleavage at the second proline residue of
Tyr8-Substance P resulting in formation of the y8
 ion is
dramatically enhanced in the absence of the basic
arginine side-chain suggesting that formation of this
product ion is driven by the available proton. The y8

ion is observed as a minor fragment in the spectrum of
the M· precursor ion (Figure 5a) and as a major
product of the [M  99]· -radical but not from other
-radicals of Tyr8-Substance P. It is reasonable to
assume that the y8
 fragment of the radical cation of
Tyr8-Substance P is formed through sequential
proton-driven fragmentation of the primary [M 
99]· product ion.
Similar behavior was observed for y7
 and y8
 prod-
ucts of the FRWGKPVGY precursor ion (Figure S1). The
y8
 ion, the most abundant fragment of the radical
cation, is only a minor product of the protonated
species, while the enhanced formation of the y7
 ion is
observed in the absence of the arginine residue. From
the above discussion it follows that loss of one N-
terminal amino acid residue form peptide radical cat-
ions resulting in formation of yn–1
 fragment often
follows radical-directed pathways. The mechanism ra-
tionalizing formation of abundant yn–1
 ions is shown in
Scheme 5. This mechanism, proposed by O’Hair and
coworkers [36], involves the N-terminal -radical, in
which the -carbon radical is stabilized by the presence
of a strong electron-donating NH2 group and an electron-
withdrawing CONH group [60]. Radical stabilization
energies (RSE) calculated for model peptide backbone
radicals indicate that the N-terminal -radical is gener-
ally significantly more stable than -radicals located on
inner residues. For example, RSE of the NH2-CH
·-
C(O)NH2 model of the N-terminal peptide radical is ca.
15 kJ/mol higher than RSE of the HC(O)NH-CH·-
C(O)NH2 radical that mimics other -radical locations
on peptide backbone [60]. O’Hair and coworkers dem-Scheme 5onstrated that y2
 fragments of GXR· precursor ions are
produced via radical-driven fragmentation of the N-
terminal -radical [36].
Our results indicate that a similar mechanism is
responsible for the formation of yn–1
 fragments from
more complex peptide radical cations. While yn–1
 frag-
ments can be also formed through proton-driven path-
ways, comparison of MS/MS spectra of [M  H] and
M· ions can be readily used to distinguish between
yn–1
 fragment ions produced through charge-directed
and radical-driven fragmentation. From the above dis-
cussion, it follows that radical-driven formation of yn–1

fragments from M· precursor ions can be used as a
marker of N-terminal -radical isomers.
Conclusions
In this study, we compared fragmentation behavior of
-radical cations of several arginine-containing pep-
tides of different size and complexity. We found that in
the presence of the basic residue fragmentation patterns
obtained for different -radical cations of the same
radical precursor are strikingly similar. Our results
suggest that in these systems the radical sites are mobile
and that the ions do not retain the memory of the initial
radical location. In contrast, fragmentation of various
isomers of GG· [39] and GGG· [40] radical cations
strongly depend on the initial location of the radical.
Chu et al. demonstrated that isomers of GGG· are
separated by high isomerization barriers, and that for
this simple model system fragmentation efficiently
competes with isomerization. The difference between
fast radical scrambling observed in this study and much
slower isomerization reported for the GGG radical
cation could be rationalized assuming that hydrogen
atoms of amino acid side chains facilitate the radical
scrambling [41].
Fragmentation of peptide radical cations with the
N-terminal arginine shows abundant formation of a-
ions through C–C bond cleavages. While the formation
of even-electron a-ions from peptide radical cations
has been previously discussed, the formation of odd-
electron [xn  H]
· products formed via the same path-
way has not been explored in any detail. It has been
suggested that odd-electron x-ions are extremely unsta-
ble and, once formed, immediately fragment to yield
smaller x- and z-ions. In this study, we observed the
formation of [xn  H]
· fragments from a number of
peptide radicals with the C-terminal arginine residue.
[x  H]-ions undergo a number of side-chain losses
typical for all peptide radical cations and backbone
fragmentation resulting in formation of smaller z- and
x-ions. Loss of NHCO (reaction 3) was observed as a
minor dissociation channel. The enhanced formation of
z-ions at tyrosine and valine was observed for a number
of peptide radicals regardless of the presence and
position of the basic amino acid residue. The mecha-
nism proposed by Siu and coworkers [46] is most likely
520 LASKIN ET AL. J Am Soc Mass Spectrom 2010, 21, 511–521responsible for the formation of a number of z-ions
from large peptide radical cations.
Dissociation of arginine-containing peptide radicals
is dominated by radical-driven processes. In contrast,
fragmentation of relatively small -radicals produced
by the loss of the arginine side chain is dominated by
charge-directed amide bond cleavages. Ionization of
peptide molecules often results in formation of zwitteri-
onic structures, in which the proton is moved from an
acidic site to the basic arginine side chain. Because argi-
nine sequesters the proton, charge-directed dissociation
pathways in arginine-containing peptide radicals are
strongly suppressed. Loss of the basic arginine side
chain releases the “mobile proton” making charge-
directed fragmentation energetically and kinetically
more favorable. In the absence of the arginine residue,
radical-driven fragmentation is almost completely sup-
pressed for relatively small peptide radicals but be-
comes much more pronounced for larger peptides.
Future studies will address in greater detail the compe-
tition between charge-driven and radical-driven frag-
mentation of peptide radicals.
Charge-directed fragmentation of M· ions is charac-
terized by cleavages of amide bonds resulting in forma-
tion of y- and [bH]-ions. An interesting exception is the
radical-induced loss of the N-terminal amino acid residue
resulting in formation of the yn–1
 fragment ion. This
pathway most likely involves captodatively stabilized
N-terminal -radical precursors. Although yn–1
 ions can
also be formed through charge-directed fragmentation,
comparison between dissociation patterns of [M  H]
and M· ions can be used to determine the presence of
N-terminal -radical structures that are otherwise difficult
to distinguish.
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